The effect of chlorine on the germination, outgrowth, colony formation and structure of spores of Clostridium bifermentans, Bacillus subtilis var. niger and Bacillus cereus was examined. Chlorine decreased heat resistance and slowed or prevented germination and swelling, but spores that did swell were usually able to elongate to form vegetative cells. Chlorine removed protein from spores, apparently from the coat, and allowed lysozyme to initiate germination. Treatment with other agents that remove spore-coat protein increased the lethal effect of chlorine by as much as 4000-fold, suggesting that coat protein protects spores against chlorine.
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phosphate buffer pH 7.0, incubated for 10 min at o "C, and then washed with glass-distilled water as described previously (Wyatt & Waites, 1973) . The strength of the hypochlorite solution was estimated as free chlorine; free chlorine was measured by the Palin method (Palin, I 957) with diethyl-p-phenylene diamine (DPD) tablets (BDH) and using the extinction coefficient at 553 nm.
Treatment of spores with dithiothreitol, urea-dithiothreitol or urea-mercaptoethanol. Spores (about 700 pg dry wt/ml) were treated with 200 pM-dithiothreitol, with 50 ,UMdithiothreitol in 4 M-urea (Aronson & Fitz-James, 1971) or with 4 M-urea with 10 % (v/v) mercaptoethanol at pH 10.3 (Gould & Hitchins, 1963) and then washed four times with glass-distilled water by centrifugation at 4 "C.
Outgrowth, colony formation and germination. Outgrowth of C. bverrnentans was tested at 37 "C in medium containing casein hydrolysate and flushed with H2+ C 0 2 (90: 10, vlv), while colony formation was tested on reinforced clostridial medium solidified with 13 % (wlv) agar as described previously . Spores of B. cereus and B. subtilis were outgrown in heart infusion broth (Difco) and colony-forming ability determined by incubating for 2 days at 30 "C on nutrient agar (Oxoid) or reinforced clostridial medium (solidified with 1-5 % agar). Essentially the same results were achieved on both solid media.
Colony counts were made in triplicate. During outgrowth, samples of IOO organisms were counted under a phase-contrast microscope and scored as phase-bright (refractile), phasedark (non-refractile), swollen, or elongated spores. In some experiments spores were heated for 10 min, either at 80 "C for B. cereus and B. subtilis, or at 70 "C for C. biferrnentans as described by ~ before examination of outgrowth, colony formation or germination. Germination was measured spectrophotometrically as described by . The concentrations of germinants which were the optimal for the species were (mM): B. subtilis -L-alanine (5.0), potassium chloride (100) and sodium phosphate buffer pH 7-5 (83); B. cereus -L-alanine (I-o), inosine (I-o), sodium chloride (100) and sodium phosphate buffer pH 7-5 (83); C. bifermentans -L-alanine (50), L-arginine (5), L-phenylalanine (5), L-lactate (25), sodium chloride (I 00) and sodium phosphate buffer Polyacrylamide gel electrophoresis of spore extracts. Extracts were made from 14 mg dry wt of spores by treatment with I ml hypochlorite containing 10 mg free chlorine, with I ml 50 pM-dithiothreitol in 4 M-urea, 200 ,uM-dithiothreitol (Aronson & Fitz-James, I 97I), or with 4 M-urea plus 10 % (v/v) mercaptoethanol (Gould & Hitchins, 1963) , and added in a maximum volume of 0.2 ml containing IOO pg protein in 10 % (wlv) sucrose to polyacrylamide gels. Electrophoresis was carried out as described by Davis & Ornstein (1961) but without the large-pore gel, in vertical columns for about 60 min at 5 mA/running tube and 4 "C. Bromophenol blue (0-OOI %, w/v) was used as a marker, and amido black (1.0 %, wlv) in acetic acid (7 %, v/v) as a stain. Destaining was with several changes of acetic acid (7 %, vlv) during 36 h at room temperature.
Spore dry weight. Dry weights were estimated spectrophotometrically. Extinction coefficients were measured at 600 nm and converted to spore dry weight using a standard calibration curve relating Esoo to spore dry weight.
Protein estimations. These were made by the method of Lowry et al. (1951) with bovine plasma albumin fraction V (Armour Pharmaceuticals Ltd, Eastbourne) as a standard. subtilis were incubated in heart infusion broth (a) without chlorine treatment, (b) after treatment with 50pg chlorinelml as described in Methods, or (c) after treatment with 50,ug chlorine/ml and heating at 80 "C for 10 min. Samples were removed at intervals and the percentage of refractile (O), non-refractile (0), swollen (B) or elongated (0) spores determined by counting IOO organisms by phase contrast microscopy.
RESULTS

Eflect of chlorine on germination, outgrowth and colony formation
The development of a vegetative bacterium from a bacterial spore involves loss of refractility (germination) followed by swelling and elongation of the germinated spore (outgrowth). With B. subtilis most untreated spores had lost refractility by 30 min, had swollen by 90 min, and had elongated to form vegetative organisms by 5 h (Fig. ~a) . After treatment with 25 pg free chlorine/ml these processes were only slightly delayed but, while treatment with 50 pg free chlorine/ml markedly retarded outgrowth (Fig. I b) , IOO pg free chlorine/ml prevented germination within 6 h. A similar effect was obtained with spores of B. cereus, except that treatment with 50 pg free chlorine/ml prevented germination. With spores of C. bifermentans, treatment with 20 pg free chlorine/ml markedly delayed outgrowth (Fig. 2) , while 50 pg free chlorine/ml allowed about 60 % to germinate within 6 h but completely prevented swelling. After treatment with chlorine, the percentage of viable spores, measured by colony-forming ability, was quantitatively similar to the percentage of spores able to form vegetative bacteria except that in some experiments the appearance of colonies was delayed. A slow-germinating mutant of C. bifermentuns whose germination was markedly increased by chlorine treatment (Wyatt & Waites, 1973) was also examined.
Colony formation from spores of the mutant was less sensitive to chlorine than it was with the parent strain; for example, when treated with 10 pg free chlorine/ml for 1 0~3 0 (1972) showed that colony formation by spores of C. bifernzentans and C. perfringens which survived treatment with chlorine, was more sensitive to heat than that of untreated spores. In the present study with B. subtilis, B. cereus and C . bifermentans, after chlorine treatment had reduced the colonies formed to I %, a heat treatment reduced the colonies formed to 0-2 %. After less severe chlorine treatments heating did not reduce the percentage of survivors.
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Eflect of heat on spores treated with chlorine
Chlorine-treated spores of C. bifermentuns and B. subtilis germinated more slowly after heating, but those of B. cereus which require heat activation (Keynan et al. 1964 ) germinated more rapidly after heating following treatment with 10 ,ug free chlorinelml ( Table I) . Heating also slowed the elongation of spores of B. subtilis pretreated with 50 pg free chlorine/ ml (Fig. I c) with chlorine at the concentrations described and the percentage of spores able to form colonies determined as described in Methods. (Aronson & FitzJames, 1971) . Pretreatment with such agents markedly reduced the ability of spores of B. subtilis and B. cereus to form colonies after subsequent treatment with chlorine; results for dithiothreitol with urea are shown in Fig. 3 . With C. bifermentans, dithiothreitol had a similar effect (Fig. 3) . The other pretreatments were not tested with C. bifermentans because they markedly reduced colony formation even in the absence of chlorine treatment. Polyacrylamide gel electrophoresis of protein extracted from spores of B. subtilis, B. cereus or C. bifermentans, by dithiothreitol-urea or a solution containing I o mg free chlorine/ml, 342 L. R. WYATT AND W . M. WAITES Table 3 . EHect of Iysozyme on colony formation after treatment of spores of C. bifermentans with chlorine
Spores of C. bifernzentans were treated with chlorine at the concentration described, spread on reinforced clostridial medium solidified with 1.5 % agar containing 0, 1.0, 2.5 or 5.0 pg lysozyme/ml, and incubated as described in Methods.
IO-' x Colonies formed/ml, at lysozyme concn of (pglml): Chlorine concn produced an identical band to that extracted from spore coats of C. bifermentans by sodium hydroxide Waites, Wyatt & Arthur, 1972) , although other less dense bands similar to those demonstrated by Vary (1973) were also found in the dithiothreitol-urea extracts. Since agents which remove spore coat are known to allow germination by lysozyme (Gould, Stubbs & King, 1970; Aronson & Fitz-James, 1971 ; , we examined the ability of lysozyme to promote germination of spores of C. bifermentans after treatment with chlorine (Table 2) . Spores treated with 20 pg free chlorine/ml lost refractility with lysozyme but from the periphery only, the centre remaining refractile, while spores treated with 40 pg free chlorine/ml lost peripheral refractility on incubation in the absence of lysozyme, as did spores of B. subtilis treated with ~o o p g free chlorine/ml. Heating increased twofold the number of spores of C. b[fermentans which lost refractility with lysozyme after treatment with 10 pg free chlorine/ml. Lysozyme (5 pg/ml) in the medium did not increase the colony formation of spores of C. bifermentans treated with 10 or 50 pg free chlorine/ml by more than 5 % (Table 3) , and similar results were obtained with B. subtilis after treatment with 25 or 50 pg free chlorine/ ml. It is apparent, therefore, that when chlorine damages the spore coat sufficiently to allow lysozyme to initiate germination, it usually also damages the spore sufficiently to prevent outgrowth of the germinated spore.
D I S C U S S I O N
We have shown that chlorineprevents colony formation by spores of B. subtilis, B. cereus and C. bifermentans by preventing germination or swelling. After treatment with chlorine, germination, outgrowth and colony formation were all more sensitive to heat. Chlorine removed a protein from spores of B. subtilis, B. cereus and C. bifermentans which had the same electrophoretic mobility on polyacrylamide gel as the protein removed from spore coats of C. bifermentans by sodium hydroxide Waites et al. 1972) . Mild treatments with either sodium hydroxide or chlorine increase the germination rate of slow-germinating mutants of C. bifermentans , 1973 , perhaps by removing protein and increasing the 'permeability of the spore to germinants, while the coats of spores treated with higher concentrations of chlorine were sufficiently permeable to allow lysozyme to promote germination. Such results, together with the loss of dipicolinic acid from spores after treatment with chlorine (Alderton & Halbrook, 1971 ; Dye & Mead, 1972) and the germination-like changes which occurred during incubation in water of spores treated with high concentrations of chlorine, suggest that chlorine disrupts first the spore coat and secondly layers nearer to the spore centre; at any rate EfSct of chlorine on spores 343
where chlorine inactivated the germination mechanism, even when lysozyme was able to initiate germination, most spores were damaged to the extent that further development was prevented. Vary (1973) has shown that sodium hydroxide and other treatments which remove protein from spores of Bacillus megaterium also increase the germination rate and in some cases allow germination to occur with a wider variety of compounds. We have found similar effects with C. hifiermentans (Waites et al. 1972 ). Neither we nor Vary have found that such procedures decrease the heat resistance of spores, in contrast to the effect of chlorine.
Germination and colony formation of the slowly germinating mutant I (Wyatt & Waites, 1973) were more resistant to chlorine than was the case with the parent strain. Germination of spores of mutant I was previously found to be more resistant to successive treatments with sodium hydroxide and lysozyme . Since sodium hydroxide and chlorine allow lysozyme to degrade the spore cortex by increasing the permeability of the spore coat, differences in the spore coat between the wild type and mutant I may account for differences in resistance to both chlorine and sodium hydroxide. We have found that treatments which remove spore-coat protein increase the lethal effect of chlorine on spores of C. bifermentans, B. subtilis and B. cereus by as much as 4000-fold (Fig. 3) . These results suggest that the coat protects spores against chlorine. The coat may also protect spores against other chemicals, since Freese et al. (1970) showed that spores of B. subtilis which were deficient in cortex but had apparently normal coats were resistant to octanol. However, since spores treated with urea-mercaptoethanol are about IOO times more resistant than vegetative cells to chlorine (cf. Phillips, 1g52), then either some remaining coat material protects the spores or the inner layers of the spore have properties which confer extra resistance.
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